INTRODUCTION {#S1}
============

In the United States of America, an estimated 30% of the population is obese.^[@R1]^ This is troubling as obesity drastically impacts a person's health by increasing risks for cancer, stroke, hypertension, diabetes and ultimately leading to 300,000 deaths annually.^[@R2]^ Unfortunately, the development of effective therapeutic approaches to treat obesity has remained stagnant due, in part, to the overwhelming complexity of an energy homeostasis system that regulates vastly diverse brain processes ranging from fat metabolism to hedonic drive.^[@R3]--[@R6]^ Therefore it remains critical to characterize the mechanisms by which the brain regulates distinct aspects of feeding behavior, as this process may reveal novel therapeutic targets.

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a highly conserved 38-amino acid peptide that belongs to the glucagon superfamily of peptides.^[@R7],\ [@R8]^ This family of peptides is critically important to a number of biological processes including the regulation of feeding behavior.^[@R9]^ It is well documented that both the hypothalamic ventromedial nuclei (VMN) and nucleus accumbens (NAcc) play crucial roles in the regulation of feeding behavior.^[@R11]--[@R13]^ Previously, we have demonstrated that PACAP, acutely microinjected into the rat VMN, suppresses *hunger-driven* feeding, while PACAP microinjected in the NAcc suppresses *palatability-driven* feeding.^[@R10]^ However, it is not clear how PACAP signals in these respective brain regions to regulate different aspects of feeding behavior.

Given the preferential actions of PACAP in the NAcc on palatability-driven feeding, and the well-documented involvement of the NAcc in hedonic perception,^[@R11]^ we propose the parsimonious hypothesis that PACAP acts in the NAcc to suppresses palatability-driven feeding because it diminishes the hedonic perception of palatable food. The current studies tested this hypothesis by analyzing the effect of PACAP microinjected into the VMN or NAcc on hedonic processing using a taste reactivity paradigm, as described by Grill and Norgren.^[@R12]^ Our results not only support a selective role for PACAP acting in the NAcc to alter hedonic perception but also a rostral-caudal gradient in the effectiveness of intra-NAcc PACAP. Taken together, the current dataset provides strong evidence that while PACAP exerts its effects at multiple nodes in the energy homeostasis system, it acts specifically in the NAcc to regulate hedonic drive.

MATERIALS & METHODS {#S2}
===================

Animals {#S3}
-------

Male Sprague-Dawley rats (Envigo; Indianapolis, IN) weighing between 250-275 grams, were housed individually in standard tub cages in a climate controlled colony room under a 12:12 light/dark cycle. Animals had *ad lib* access to standard chow (Harlan Diet \#8604) throughout the duration of the study. Additionally, food intake and body weight were recorded daily. All animal procedures were approved by the Marquette University Institutional Animal Care and Use Committee.

Surgery {#S4}
-------

Animals were anesthetized with ketamine/xylazine/acepromazine (77:1.5:1.5 mg/ml/kg; i.p.) and implanted with an intraoral catheter for tastant delivery, as described previously.^[@R13]^ 26-gauge guide cannulae (Plastics One; Roanoke, VA) were stereotaxically placed 2 mm above the nucleus accumbens core (NAcc; anterior/posterior +1.2 mm from bregma; medial/lateral +2.2 mm from midline; dorsal/ventral -4.8 mm from the surface of the skull, at 6° angle) or 3 mm above the ventromedial hypothalamic nucleus (VMN; anterior/posterior, −2.5 mm from bregma; medial/lateral, ± 0.6 mm from midline; dorsal/ventral, −6.2 mm from surface of the skull) and then secured to the surface of the skull using acrylic dental cement.^[@R14]^ Animals were given one week to recover prior to experimentation. Following the conclusion of the study, brains were collected and analyzed for cannula placement using Nissl staining, only those with correct placements were included in the studies.

Microinjections {#S5}
---------------

Pituitary adenylate cyclase-activating polypeptide (PACAP; California Peptide Research; Napa, CA) or saline were microinjected into the VMN (50 pmol/.25μl/side; n=11) or NAcc (100 pmol/.5μl/side; n=10) over a two-minute period in gently restrained awake animals followed by an additional minute to prevent backflow.

Taste Reactivity {#S6}
----------------

### Design {#S7}

Following one week to recover from surgery, animals were habituated to the taste reactivity chamber for 3 consecutive days for 30 minutes/day. On test day, a 50 mL syringe containing a 1% sucrose solution was connected to the animal's intraoral catheter. The syringe was then locked into a syringe pump, which infused the sucrose solution at a rate of 1mL/min over a 1 minute trial. Each trial commenced 15 min following the intracranial microinfusion, and appetitive and aversive orofacial responses were video recorded using a camera fixed beneath the Plexiglas floor of the testing chamber. Animals were then given a 48-hour washout period before receiving a second, counterbalanced, microinjection of either vehicle or PACAP.

### Video scoring {#S8}

Digital video files of each session were analyzed frame-by-frame over the one-minute test trial. Scored in 10 second bins, occurrences of lateral tongue protrusions and paw licks were counted as appetitive taste reactivity while gapes and paw flails were evidence of aversive taste reactivity, as described in previous reports.^[@R15]^ After the six, ten second bins are scored frame-by-frame, an animal is assigned an "appetitive responses" score which is the cumulative number of appetitive response made by that animal over the one minute trial. Similarly, the animal is assigned an "aversive responses" score which reflects the cumulative number of aversive responses made over the one-minute trial. Analyses were conducted on these composite scores.

### Calculating PACAP-induced change in aversive response {#S9}

Within-subject PACAP-induced changes in aversive responses were normalized to vehicle trial aversive responses. To calculate this, we used the following equation: $$(\mathit{total}\ \mathit{aversive}\ \mathit{responses}\ on\ \mathit{PACAP}\ \mathit{trial} \div \mathit{total}\ \mathit{aversive}\ \mathit{responses}\ on\ \mathit{vehicle}\ \mathit{trial}) - 1 = \mathit{PACAP}\ \mathit{inducedd}\ \Delta\ in\ \mathit{aversive}\ \mathit{response}$$

Using this calculation, a number greater than zero indicates that PACAP increased aversive responses to the sucrose solution, whereas a number below zero would indicate PACAP decreased aversive responses.

Statistics {#S10}
----------

Using paired t-tests, group differences between hedonic responses to sucrose pre-and post-intracranial microinfusions were compared using Sigma Plot 11 software (Systat Software Inc.; San Jose, CA). P values \< 0.05 were considered statistically significant.

RESULTS {#S11}
=======

VMN {#S12}
---

The data are presented as cumulative appetitive (lateral tongue protrusion + paw licks) and aversive (gapes + paw flails) responses to a sucrose solution following either a vehicle or PACAP microinjection into the ventromedial nuclei of the hypothalamus (VMN). Within-subject results demonstrated that PACAP microinjected into the VMN did not affect the expression of either appetitive ([Fig. 1A](#F1){ref-type="fig"}; *paired t-test*; t= -0.0625; DF= 10 p=0.951) or aversive responses to the sucrose solution compared to the vehicle trial ([Fig. 1B](#F1){ref-type="fig"}; *paired t-test*; t= -1.203; DF=10; p=0.257).

NAcc {#S13}
----

A separate group of animals were implanted with cannula targeting the NAcc as well as intraoral catheters and tested in an identical manner. Rats received either PACAP or vehicle 15 minutes prior to taste reactivity testing as described above. Interestingly, PACAP microinjected into the NAcc significantly suppressed appetitive responses (lateral tongue protrusions and paw licks combined) to sucrose ([Fig. 2A](#F2){ref-type="fig"}; *paired t*-test; t= 3.8; DF=9; p=0.004). Although PACAP did not significantly alter aversive responses to sucrose (gapes and paw flails combined), compared to vehicle ([Fig. 2B](#F2){ref-type="fig"}; *paired t-test*; t= -1.163; DF=9; p=0.275), the variance in the effect of PACAP appeared to be related to the rostral-caudal placement of the microinjection. Given this observation, and recognizing that pharmacological manipulations have been shown to differentially affect rostral and caudal regions of this nucleus,^[@R11]^ we decided to statistically analyze this trend. A Pearson correlation revealed a strong rostral-caudal influence of PACAP on the change in expression of aversive taste reactivity between vehicle and drug treated groups (r = -0.64, n = 10, p = 0.04; [Fig. 2C](#F2){ref-type="fig"}). Specifically, PACAP microinjected in the caudal NAcc (bregma +1.68 to +1.32) enhanced aversive responses to sucrose, while PACAP microinjected into the rostral NAcc (bregma +2.02 to +1.92) decreased aversive responses.

DISCUSSION {#S14}
==========

With overconsumption as a major contributor to the obesity epidemic,^[@R16]^ it reinforces the importance to investigate the mechanisms by which eating *beyond satiety* is regulated. Previously, we reported that the neuropeptide PACAP acts in the rat NAcc (but not the VMN) to specifically attenuate palatable food intake in satiated rats.^[@R10]^ To better characterize PACAP-induced voluntary reduction in palatable food intake, we used a rodent taste reactivity design to assess if PACAP microinjected into the nucleus accumbens (NAcc) altered hedonic perceptions of sucrose.

In the first experiment, we found that PACAP microinjected into the VMN, an area where PACAP reduces feeding but *does not* affect [palatable]{.ul} food consumption, had no effect on the expression of either positive (appetitive) or negative (aversive) responses to a 1% sucrose solution. This result was not unexpected since our prior work showed that PACAP administered in the VMN only attenuated hunger-driven feeding while having no effect on feeding driven by palatability^[@R10]^. In contrast, administration of PACAP in the NAcc significantly blunted appetitive responses to sucrose without altering the expression of aversive responses overall. However, a closer examination of the anatomical placements of PACAP delivery revealed an additional layer of complexity in the NAcc. By examining the behavioral responses along a rostral-caudal axis, we found that PACAP delivered to the rostral NAcc decreased aversive responses to sucrose, while PACAP microinjected into the caudal NAcc enhanced aversive responses.

PACAP enhancement of aversive taste reactivity in the caudal NAcc is consistent with other studies demonstrating a similar rostral-caudal gradient in the NAcc regulating appetitive and aversive behaviors. For example, pharmacological inactivation of the caudal medial accumbens shell decreases food intake and appetitive responses to sucrose, while increasing aversive responses.^[@R11],\ [@R17]^ Whereas, the opposite effect is observed in the rostral NAcc, inactivation stimulates feeding behavior and increases appetitive responses to sucrose while decreasing aversive responses. Moreover, these results support our previous findings that bath application of PACAP in a slice preparation attenuates evoked activity in medium spiny neurons,^[@R10]^ suggesting that PACAP may be producing its region-specific effect on taste reactivity through inhibitory actions.

It is interesting to note that previous research has identified a hedonic regulatory role for GABA, endocannabinoids, and endogenous opioids in the rostromedial NAc shell.^[@R18]^ This report details the effects of PACAP microinfused into the core, based on a prior report that the suppressive effect of PACAP on palatable food intake is restricted to this subregion.^[@R10]^ While there are several possibilities for this apparent discrepancy, a likely explanation is the difference in pharmacological target. This possibility is more intriguing when considered along with the fact that the cell phenotype-specific distribution of PACAP receptors (PAC1R, VPAC1 and VPAC2) in the NAc core and shell subregions is not well characterized. It is likely that resolving receptor distribution and cell-type connectivity will shed light on why PACAP appears to have a unique regulatory role for this signaling pathway in the modulation of hedonic processing. Moreover, it is likely that understanding phenotypic receptor distribution more precisely will reveal insight into the roles of smaller accumbal networks in regulating hedonic processing and motivated behavior.

In order to determine the precise mechanism of action by PACAP in the regulation of motivated behavior, additional studies will be necessary to identify the origin of PACAP projections into this region of the NAcc. One potential source of PACAP-containing afferents to the NAcc is the prefrontal cortex. Interestingly, obese individuals have been reported to display aberrant neural activity in both the prefrontal cortex and the striatum.^[@R19],\ [@R20]^ Moreover, transcranial direct current stimulation of the prefrontal cortex in obese individuals has been shown to decrease food intake and weight loss.^[@R21]^ Further defining the contribution of PACAP signaling and its underlying mechanisms to the expression of hedonic perception and motived behavior may yield new therapeutic opportunities for combatting obesity.
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![Acute administration of PACAP (50pmol/.25ul) into the VMN did not alter hedonic orofacial responses to a 1% sucrose solution. **(A)** A VMN PACAP microinjection 15 minutes prior to a taste reactivity test did not significantly alter appetitive responses (lateral tongue protrusions & paw licks) to the sucrose solution. **(B)** A VMN PACAP microinjection 15 minutes prior to a taste reactivity test did not significantly alter aversive responses (gapes & paw flails) to the sucrose solution. Data from each subject are presented, as well as the group mean. \* = p \<.05 compared to vehicle injection.](nihms974557f1){#F1}

![Acute application of PACAP (100pmol/.5ul) into the NAcc significantly decreased appetitive responses to sucrose and increased aversive responses to sucrose in the caudal accumbens. **(A)** Appetitive responses to 1% sucrose were significantly suppressed following a PACAP microinjection. **(B)** PACAP did not significantly alter aversive orofacial responses to sucrose. **(C)** A closer examination of anatomical placements revealed a significant correlation between anatomical placement (rostral-caudal) and fold change in aversive responses, normalized to vehicle treated aversive responses. **(D)** Representative photomicrographs of coronal (20μm thick) nissl-stained sections demonstrating rostral (TOP) and caudal (BOTTOM) NAcc cannula placements. **(E)** Representative images adapted from Paxinos & Watson, 2007 identifying cannula tip placement. Data from each subject are presented, as well as the group mean.](nihms974557f2){#F2}
